As a contribution to the functionality of scaffolds in tissue engineering, here we report on advanced scaffold design through introduction and evaluation of topographical, mechanical and chemical cues. For scaffolding, we used silk fibroin (SF), a well-established biomaterial. Biomimetic alignment of fibers was achieved as a function of the rotational speed of the cylindrical target during electrospinning of a SF solution blended with polyethylene oxide. Seeding fibrous SF scaffolds with human mesenchymal stem cells (hMSCs) demonstrated that fiber alignment could guide hMSC morphology and orientation demonstrating the impact of scaffold topography on the engineering of oriented tissues. Beyond currently established methodologies to measure bulk properties, we assessed the mechanical properties of the fibers by conducting extension at breakage experiments on the level of single fibers. Chemical modification of the scaffolds was tested using donor/acceptor fluorophore labeled fibronectin. Fluorescence resonance energy transfer imaging allowed to assess the conformation of fibronectin when adsorbed on the SF scaffolds, and demonstrated an intermediate extension level of its subunits. Biological assays based on hMSCs showed enhanced cellular adhesion and spreading as a result of fibronectin adsorbed on the scaffolds. Our studies demonstrate the versatility of SF as a biomaterial to engineer modified fibrous scaffolds and underscore the use of biofunctionally relevant analytical assays to optimize fibrous biomaterial scaffolds.
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Introduction
Appropriate biomaterial scaffolds for tissue engineering purposes should be designed such that they control cellular adhesion, proliferation and differentiation, thereby guiding new tissue formation and function [1] . To meet such specifications, it is necessary to control the chemical, topographical and mechanical properties of the scaffold [2, 3] . This is particularly important for cells with high plasticity such as stem cells, which may give rise to the generation of various tissues depending on the environment which they are exposed to [4] [5] [6] .
In this context, silk fibroin (SF) has been established as an attractive biomaterial for scaffolding [7] . Versatile processing options allow the engineering of tailored architecture, mechanical properties and surface modifications. Furthermore, as a biomaterial, SF features excellent biocompatibility, adaptable biodegradability and good oxygen/water vapor permeability [8] [9] [10] . Several studies have detailed its suitability as a template for stem cell based tissue engineering and have suggested its potential towards the controlled generation of bone-, cartilage-or ligament-like tissues [8, 11] .
Recent studies demonstrated the impact of topographical cues on cellular performance. For example, nanocolumns affected fibroblast morphology and gene expression, and synthetic nanogratings improved differentiation of human mesenchymal stem cells (hMSCs) into neuronal lineages as compared to unpatterned controls [6, 12] . Various techniques to fabricate topographical patterns have been reported, including lithography, polymer demixing, electrospinning, and self-assembly [13] . Electrospinning is a straightforward technique for the fabrication of nanofibrous scaffolds for tissue engineering [14] , and can be used to generate 2D and 3D constructs, such as sheets, tubes, stacked sheets and wrapped sheets. Electrospun scaffolds can be manufactured to mimic topographic features of the extracellular matrix (ECM), for example of in vivo collagen fibers [15] . Typically, randomly distributed fibers are collected during electrospinning, forming non-woven fibrous mats. However, control of fiber alignment during electrospinning offers the potential to mimic oriented tissue architecture such as found in ligament or muscle tissue [16, 17] . So far the potential of biomimetic fiber alignment on the formation of oriented tissue has been studied with synthetic polymer nanofibers or rapidly degrading biopolymers of low mechanical resilience such as type I collagen [18] . Within this context, studies using more stable biopolymer scaffolds, such as SF, are missing.
Scaffolds for tissue engineering may also be tailored regarding mechanical cues. For example, it is well-known that the stiffness of an underlying matrix impacts a number of fundamental biological processes of cells, including differentiation, matrix remodeling and cell migration [4, 19, 20] . The mechanical properties of electrospun fibers are a result of material selection, or can be controlled by modifying the processing parameters and postspinning treatments [21] . Current mechanical assessments of fibrous scaffolds are based on bulk measurements and do not provide information on the single-fiber level. Beyond that, an evaluation of single-fiber mechanics could be a valuable supplement to current bulk assessments, particularly when it comes to probe the microenvironment cells encounter upon adhesion.
Finally, introducing chemical cues into a scaffold requires a substrate that allows physical adsorption or covalent decoration with short recognition sequences or ECM molecules to the surface, as previously shown for SF [22, 23] . For instance, to mediate outside-in and inside-out signaling, short Arg-Gly-Asp (RGD) motifs as well as whole ECM molecules such as fibronectin may serve as cellular binding sites for integrin receptors and impact cellular adhesion, migration, growth and differentiation [24] . Despite a limited number of studies describing the use of SF fibers coated with ECM proteins for the support of cellular interactions [25, 26] , more detailed studies about the conformation and biological impact of adsorbed proteins on SF fibers are critical to improve control and guidance of the cell response to such scaffolds. For instance, fibronectin is a multidomain ECM protein with several molecular recognition sites functioning as chemical cues. Conformational changes to fibronectin upon adsorption to model surfaces with different chemical composition were shown to cause exposure of cryptic binding sites which led to different integrin binding specificity affecting myoblast differentiation [27] . Therefore, precise control of the conformational state of such ECM proteins, when decorating biomaterials, may be essential to control the biological performance of such implants and their in vivo success [28] .
In this study, we introduce and evaluate multiple means to engineer environmental cues into SF scaffolds. A rotating target is used to control scaffold topography by SF fiber alignment during electrospinning. Postspinning treatments are applied to SF fibers, and their mechanical properties are tested as extension at breakage of single fibers. To improve cellular spreading on SF fibers we decorate them with fibronectin as a chemical cue, and study its conformational state upon adsorption. The cellular response to such scaffolds is analyzed in vitro using hMSC cultures, an important human progenitor cell source for tissue engineering.
Materials and methods

Materials
Bombyx mori (silk worm) cocoons were from Trudel Inc., Zurich, Switzerland. Surface antigen antibodies for flow cytometry were obtained from Becton Dickinson (Allschwil, Switzerland) and papain was from Worthington Biochemical Corporation (Allschwil, Switzerland). Fetal bovine serum (FBS), Dulbecco's modified eagle medium (DMEM), Roswell Park Memorial Institute medium (RPMI-1640), basic fibroblast growth factor (bFGF), penicillin, D-streptomycin, fungizone, nonessential amino acids (NEAA, consisting of 8.9 mg/l L-alanine, 13 .21 mg/l L-asparagine, 13 .3 mg/l L-aspartic acid, 14.7 mg/l L-glutamic acid, 7.5 mg/l glycine, 11.5 mg/l Lproline, 10.5 mg/l L-serine) and trypsin were purchased from Gibco (Carlsbad, CA). Transforming growth factor-b1 (TGF-b1) was obtained from R&D Systems (Abingdon, UK) and BMP-2 was kindly supplied by Wyeth (Andover, MA). 3-[2-(2-Aminoethyl-amino)ethyl-amino]propyl-trimethoxysilane was from AcrosOrganics (Geel, Belgium). All other substances were of analytical or pharmaceutical grade and obtained from Sigma (St. Louis, MO).
Preparation of regenerated B. mori silk fibroin solution
SF was prepared using a modification of our earlier procedure [29] . Briefly, cocoons from B. mori were boiled in an aqueous solution of 0.02 M Na 2 CO 3 , rinsed with ultrapurified water (UPW) and dissolved in 9 M LiBr at 55 C to generate a 10% w/v solution. This solution was dialyzed (Pierce, Rockfort, IL, MWCO 3.500 Da) against UPW for 48 h. After desalination a second dialysis step against PEG 6000 (200 g/1.5 l UPW) was performed to generate a SF solution of higher concentration which was determined by weighing the remaining solid after drying. SF solution of 12.5% w/w was obtained by diluting the concentrated SF solution with UPW.
A SF/PEO blend was used for electrospinning to enable stable, continuous spinning [30] . PEO 900,000 solution of 5% w/w was prepared by directly adding PEO to UPW and stirring for 5 days at room temperature. The solution was filtered through a 5 mm syringe filter to remove remaining insoluble materials. 2 ml of PEO solution (5% w/w) were mixed with 5 ml of SF solution (12.5%) by moderate stirring for further use in the electrospinning process.
Electrospinning
Electrospinning was performed in a fume hood using a cylindrical target to collect fibers except for mechanical measurements using a similar setup as described before [25] . Relative humidity was adjusted by flushing the hood with dry air. A volume flow rate of 1.2 ml/h of the SF/PEO blend through a steel capillary tube was maintained using a syringe pump. For electrospinning a voltage of 12-15 kV was applied to the capillary tube using a high voltage power supply (Fabrimex, Volketswil, Switzerland). The distance between the capillary tube and the grounded target was 19 cm. Randomly oriented fibrous scaffolds were collected on a cylindrical target of d ¼ 3.8 cm when rotating at 200-250 min
À1
, whereas aligned fibrous scaffolds were collected on a cylindrical target of d ¼ 14 cm rotating at 1000 up to 4000 min À1 .
Fiber treatment and fiber characterization
Electrospun fibrous scaffolds from the SF/PEO blend were either immersed in 90/10 (v/v) methanol/water for 30 min (MeOH treatment) or stored for 12 h in a desiccator containing a saturated aqueous solution of Na 2 SO 4 Â 10 H 2 O at room temperature (93% relative humidity, water vapor treatment) to induce an amorphous to beta-sheet transition of SF [31] . Fibrous scaffolds were washed with UPW for 48 h at 37 C to remove PEO [32] .
Scanning electron microscopy (SEM) was used to determine the diameter of electrospun fibers and surface texture of fibers was examined after treatments with methanol or water vapor and washing for 48 h. Samples were coated with platinum prior to evaluation with a LEO 1530 GEMINI scanning electron microscope (Zeiss, Cambridge, UK).
Fourier transformed infrared spectroscopy (FT-IR) data were gathered on a Nicolet 5.700-spectrometer (Thermo Fisher Scientific, Waltham, MA). Samples were compressed into KBr pellets and each spectrum was acquired in transmittance mode by accumulation of 256 scans with a resolution of 2 cm À1 and a spectral range of 4000-400 cm À1 .
Mechanical measurements on single fibers
Thin polydimethylsiloxane (PDMS) grids with 40 mm wide and 12 mm deep trenches were prepared similar to a method previously described [33] . For covalent attachment of SF fibers onto the grids, plasma cleaned grids were functionalized with 3-[2-(2-aminoethyl-amino)ethyl-amino]propyl-trimethoxysilane (3% in UPW; 15 min) and activated with glutaraldehyde (0.5% in UPW, 30 min). Finally, the grids were rinsed with UPW and dried. Fibers were electrospun from a SF/PEO blend with a flow rate of 0.8 ml/h onto the PDMS grids which were fixed between two parallel grounded metal clamps to deposit a few isolated fibers perpendicular to the grid structure. Postspinning treatments of fibers on PDMS grids were performed as described above using either MeOH or water vapor and subsequent washing with UPW. A 3-axis micromanipulator (Sutter Instrument, Novato, CA) with a thin tungsten probe attached (Nanoprobes, NY) was used to stretch single SF fibers [34] . A schematic image of the setup is shown as insert in Fig. 3 . Tip displacement along the trenches was programmed to proceed at 2 mm/step. DIC movies were recorded with an Olympus FV 1000 confocal microscope (Olympus, Volketswil, Switzerland) to analyze maximum fiber extension at breakage, and samples were kept in UPW throughout. 4 batches of fibers were prepared and only fibers which showed no detachment from PDMS grids before breakage were included in the analysis (n ¼ 10-17 per batch).
Fibronectin adsorption onto electrospun SF scaffolds and evaluation by fluorescence resonance energy transfer (FRET) imaging
Human plasma fibronectin was isolated from fresh human plasma [35] and double labeled with acceptor fluorophores (Alexa 546, Molecular Probes, Eugene, OR) on free cysteines, and with donor fluorophores on random amines (Alexa 488, Molecular Probes, Eugene, OR), as previously described [35] [36] [37] . Labeling yielded an average of 6.3 donor and 3.6 acceptor moieties per fibronectin molecule. Acquisition of FRET images was by means of confocal laser scanning microscopy (CLSM). Acceptor and donor intensities were separately detected using 10 nm donor (515-525 nm) and acceptor (567-577 nm) emission peaks. Since individual fibronectin molecules within the multi-labeled fibronectin population carried different fluorophore labeling ratios, absolute distances between donor and acceptor fluorophores could not be calculated. Instead the ratio of acceptor to donor fluorophore intensities (I A /I D ) was measured as an indication of average fluorophore separation and hence fibronectin conformation.
The sensitivity of double-labeled fibronectin (fibronectin-D/A) to unfolding was evaluated by progressively denaturing fibronectin-D/A in a series of GdnHCl concentrations from 0 to 4 M [35] . For I A /I D measurements of fibronectin-D/A on SF scaffolds, scaffolds were immersed in fibronectin solution (20 mg/ml in phosphate buffer solution, PBS) for 75 min and labeled fibronectin was diluted with unlabeled fibronectin (10:90) to avoid intermolecular FRET [35] . Scaffolds were washed with PBS and placed in a MatTek glass bottom culture dish (MatTek, Ashland, MA) filled with PBS for imaging.
All images were processed with Matlab software (Mathworks, Bern, Switzerland). Dark current background values were subtracted from donor and acceptor images and a threshold mask of 100 relative intensity units was applied to all images of Fn-D/A on SF scaffolds [35] . Then, acceptor images were divided pixel by pixel by donor images and histograms were computed from all data pixels within each field of view.
Primary human mesenchymal stem cell (hMSC) isolation and expansion
Total human bone marrow (25 cm   3 , Cambrex, Walkersville, MD) was diluted in isolation medium (5% FBS in RPMI-1640 medium) and centrifuged at 300 Â g for 10 min. Cells were pelleted and resuspended in expansion medium (DMEM, 10% FBS, 100 U/ml penicillin, 1000 U/ml streptomycin, 0.5 mg/ml fungizone antimycotic, 1% NEAA, 1 ng/ml bFGF) and seeded in 175 cm 2 flasks at a density of 5 Â 10 4 cells/cm 2 . Adherent cells were allowed to reach 80% confluence (15 days for passage 0). Cells were trypsinized and replated every 7-8 days. Second or third passage (P2, P3) cells were used for cell culture experiments. The expression of the surface antigens CD31, CD34 and CD105 was characterized by flow cytometry (FacsCanto, Becton Dickinson, Basel, Switzerland), similar to what was previously described [11] . Briefly, trypsinized cells were pelleted and resuspended in RPMI medium with 10% FBS at a concentration of 1 Â10 7 cells/ml. Aliquots of the cell suspension were incubated with R-Pe conjugated anti-CD31 (PECAM-1/endothelial cells), APC conjugated anti-CD34 (sialomucin/hematopoietic progenitor cells) and anti-CD105 (endoglin/ endothelial cells and hMSCs) with a secondary goat-antimouse IgG FITC-conjugated antibody. Cells were washed and fixed with 2% formalin before analysis.
To assess the potential of hMSCs for osteogenic and chondrogenic differentiation, the cells were cultured in 12-well plates as micro-mass cultures (2 drops of 15 ml of 2 Â 10 7 cells/ml per well) in either control medium (DMEM, 10% FBS, 100 U/ ml penicillin, 1000 U/ml streptomycin, 0.5 mg/ml fungizone antimycotic), osteogenic medium (control medium supplemented with 50 mg/ml ascorbic acid-2-phosphate, 10 nM dexamethasone, 10 mM ß-glycerolphosphate, and 1 mg/ml BMP-2) or chondrogenic medium (control medium supplemented with 50 mg/ml ascorbic acid-2-phosphate, 10 nM dexamethasone, 1% NEAA, 5 mg/ml insulin, and 5 ng/ml TGF-b 1 ).
Medium was exchanged 3 times per week. After 3 weeks of culture the pellets were washed in PBS and the amounts of glycosaminoglycans (GAG) and calcium were measured. For the determination of calcium content micro-mass cultures were extracted with 0.5 ml 5% trichloroacetic acid and calcium was measured spectrophotometrically at 570 nm (Thermomax microplate reader, Molecular Devices, Sunnyvale, CA) following the reaction with o-cresophthalein complexone according to the manufacturer's protocol (Rolf Greiner Biochemica, Flacht, Germany). To measure the amount of GAG, samples were digested for 16 h with 0.5 ml papain solution (2.4 U/ml) in buffer (0.1 M disodium hydrogen phosphate, 0.01 M EDTA disodium salt, 14.4 mM L-cysteine) at 60 C. GAG content was determined spectrophotometrically (Cary 300, Varian, Palo Alto, CA) at 525 nm following binding to the dimethylene blue dye using chondroitin sulphate as standard [38] .
Cell culture on electrospun SF scaffolds
Disc shaped scaffolds were punched (15 mm in diameter), water vapor treated and used for cell culture after steam autoclaving. For fibronectin coating, scaffolds were immersed in 20 mg/ml fibronectin in PBS (0.5 ml) for 75 min at RT and rinsed with PBS. hMSCs were seeded at a density of 1 Â10 5 cells/scaffold and cultured in control medium at 37 C, 5% CO 2 on fibronectin-coated or uncoated scaffolds.
Cell adhesion assay
Prior to biochemical analysis of adherent cells measured as DNA content on scaffolds, loosely adherent or unbound cells were removed by washing twice with PBS. Scaffolds were transferred into a 0.1% Triton X-100 solution and disintegrated by using steel balls and a Minibead-beater (Biospec, Bartlesville, OK). DNA content was measured using the PicoGreen assay (Molecular Probes, Eugene, OR) according to the manufacturer's protocol. Aliquots of the solutions prepared from the samples (n ¼ 4 per group and timepoint) were measured fluorometrically at an excitation wavelength of 480 nm and an emission wavelength of 520 nm (FluoroCount, Packard BioScience, Meriden, CT).
Cell spreading analysis
To determine cell morphology on electrospun SF scaffolds by SEM, samples were rinsed in 0.1 M sodium cacodylate buffer and fixed in glutaraldehyde (1.5% glutaraldehyde in 0.1 M sodium cacodylate solution) at RT for 2 h. Samples were rinsed in 0.1 M sodium cacodylate, dehydrated through exposure to a gradient of alcohol and HMDS and dried in a fume hood before sputter coating with platinum for SEM.
Fluorescent images were acquired after labeling cell membranes with DiI (1,1 0 -dicotadecyl-3,3,3 0 ,3 0 -tetramethyl-indocarbocyanine perchlorate, Molecular Probes, Eugene, OR). For this purpose hMSCs (5 Â 10 5 cells/ml) were resuspended in 4 mg/ml DiI in control medium, and the cell suspension was incubated for 30 min on a gently rotating shaker at 37 C. Cells were washed 5 times in culture medium and seeded on fibronectin-coated or uncoated scaffolds. Cells were then cultured for 2 h at 37 C, 5% CO 2 , rinsed with PBS and fixed with 2% formalin for 20 min before imaging.
Statistical analysis
Presentation of data is as means AE standard deviation (Fig. 7) . For statistical significance, samples were evaluated using the log rank test based on the Kaplan Meier plot (Fig. 3) and the Student t-test (Fig. 7) . Differences between groups were considered significant for p 0.05.
Results
Characterization of fibrous scaffolds
Non-woven fibrous scaffolds were prepared by electrospinning of aqueous SF/PEO blends. When using a slowly rotating cylindrical target we obtained porous scaffolds with randomly oriented nanoscale fibers and interconnected voids between fibers. Depending on the relative humidity, uneven and beaded fibers were obtained at 60% RH, while electrospinning below 30% RH resulted in uniform and bead-free fibers that were 530 AE 100 nm in diameter (Fig. 1A,B) . Therefore, fibers prepared at <30% RH were used for further experiments. The control of fiber network orientation was achieved as a function of the rotational speed of the target (1000 up to 4000 min À1 ). Optimum fiber alignment was achieved at 4000 min À1 as qualitatively assessed (Fig. 1C-E) .
To investigate conformational changes of SF in fibrous scaffolds after MeOH or water vapor treatment, FT-IR structural analysis was performed ( Fig. 2A-C Fig. 2D-F) . A smooth fiber surface was observed after treatment with water vapor whereas MeOH treatment resulted in an increase of surface roughness compared to non-treated fibers.
Extension at breakage of single fibers
Extension at breakage in water was measured for single electrospun fibers after MeOH or water vapor treatment and PEO extraction. This protocol has been previously shown to be applicable for manually deposited fibers of fibronectin [39] . Median extension at breakage was 77-229% for MeOH treated and 152-364% for water vapor treated fibers depending on the variability between batches of measured fibers and without a consistent statistical difference between the two treatments (Fig. 3) .
Fibronectin adsorption onto fibrous scaffolds
In order to visualize the spatial distribution of fluorescently labeled fibronectin on SF scaffolds we performed CLSM. We observed uniform coatings of the SF fibers with labeled fibronectin-D/A, as reflected by the net-like fluorescence of the scaffolds (Fig. 4A ). Scaffolds coated with unlabeled fibronectin did not show any fluorescent signal under the same conditions (negative control, data not shown). To measure the structural changes of fibronectin upon adsorption to the SF surface, we analyzed FRET RH < 30% This indicated a partial separation of its dimeric arms, which are crossed over in solution [35] .
hMSC characterization
hMSCs were characterized with respect to their expression of surface antigens and the ability to selectively differentiate along the chondrogenic and osteogenic lineages in response to environmental stimuli. GAG accumulation was significantly higher in chondrogenic medium as compared to control medium or osteogenic medium (Fig. 5A) . Calcium deposition was observed only with hMSCs cultured in osteogenic medium, but not in control or chondrogenic medium (Fig. 5B) . Flow cytometry showed that more than 95% of the cells expressed the surface antigen CD105, a descriptive yet not causal marker for hMSCs (Fig. 5C ). Negative expression of surface antigens CD34 and CD31 suggested the absence of hematopoietic progenitor cells and cells of endothelial origin (Fig. 5D,E) [40, 41] .
hMSC response to modified fibrous scaffolds
Modulation of cell-matrix interaction upon fibronectin coating and fiber alignment, was investigated using hMSCs on SF scaffolds. Two hours after seeding, cells were well spread on fibronectincoated random scaffolds and had a flattened shape with cellular extensions (Fig. 6) . In contrast, cells on scaffolds without fibronectin coating had a spherical morphology. After 72 h differences in cell shape were indistinguishable among groups with a well spread morphology on all scaffolds.
Measurements of the total DNA content indicated that significantly more cells adhered to fibronectin-coated scaffolds as compared to non-coated scaffolds at the timepoints of 0.5 and 2 h (p < 0.01) and 48 h after seeding (p < 0.05, Fig. 7) . No significant differences were observed after 1, 8, 24 and 72 h.
The response of hMSCs to fiber alignment was studied after 2 h on fibronectin-coated scaffolds. Both SEM and CLSM demonstrated an elongated and spindle-shaped morphology of hMSCs on aligned SF fibers with their orientation being parallel to that of the fibers (Fig. 8) . 
Discussion
Solution parameters (e.g. viscosity, conductivity, surface tension), processing parameters (e.g. electric field strength, flow rate and collector-set up), as well as ambient parameters (e.g. temperature and humidity) impact the process of electrospinning [42] [43] [44] [45] [46] [47] [48] . In the present study, air humidity was critical for electrospinning SF fibers. Low humidity was a prerequisite to achieve bead-free fibers (Fig. 1A, B) . This may be explained by an increased rate of solvent (water) evaporation at dry conditions. At high humidity, solvent removal may have been insufficient between when the jet fluid stream left the spinneret and when it reached the target. This incomplete removal possibly resulted in bead formation due to residual solvent and the resulting high surface tension as has been suggested for the electrospinning of hyaluronic acid [49] .
Fiber alignment in scaffolds is considered as a beneficial topographical cue for the engineering of structurally oriented tissue architecture, and may serve as a biomimetic tool to induce phenotypic differentiation of the cells and ensure overall tissue function [16, 50] . Depending on the rotational speed of the cylindrical target the alignment of electrospun SF fibers could be well controlled (Fig. 1C-E) as recently also shown for synthetic polymers [51] [52] [53] . Limitations in fiber alignment by high rotational speeds, as previously reported for collagen, potentially related to the low fiber strength and elasticity of collagen, were not observed for SF [18] . The results thus demonstrate the superior processability of SF as compared to collagen, and add another biomaterial option to the currently available set of suitable synthetic polymers.
Treatment of SF scaffolds with methanol is frequently used to crystallize SF rendering it insoluble in aqueous media [44] . It is well established that MeOH treatment triggers the transition of SF from a predominantly random coil or silk I structure into a water insoluble b-sheet enriched structure [32, 44] . This also holds true for our electrospun fibrous SF scaffolds as shown by the shifts of the amide I and II bands in their FT-IR spectra ( Fig. 2A) [30, 32] . Water vapor treatment of the scaffolds resulted in similar shifts of the amide bands (Fig. 2B) and presents a milder alternative as compared to treatments with organic solvents, e.g. when labile growth factors are embedded into fibers.
Bulk mechanical properties of electrospun SF scaffolds showed 4.4% and 8.5% extension at breakage for MeOH and water vapor treated scaffolds [54] . Starting off from these observations we scaled the mechanical assessment down to the single-fiber level. In these experiments, median extensions at breakage were much higher (77-229% for MeOH treated and 152-364% for water vapor treated fibers). In contrast to the reported bulk assessments, which were performed in dry state at 50% RH [54] , single-fiber measurements were conducted in water. Similarly high extensions as reported here were previously observed for SF films in water and hydrated electrospun SF tubes after water annealing and MeOH treatment, respectively [55, 56] . A likely explanation for high extensions at breakage in an aqueous environment is the plasticizing effect of water as indicated for fibers from regenerated spider silk [57] . When compared to bulk measurements in literature [56] , our single-fiber measurements further suggest that extension at breakage in an aqueous environment is mainly governed by singlefiber behavior (or below) and less influenced by fiber orientation, fiber overlay or branch points in the fibrous scaffold. Nevertheless, as concluded from the observed large variabilities of the extension at breakage data, our experimental setup may require further optimization and validation, and different methods for single-fiber and bulk measurements have to be taken into account when comparing fibrous material properties. Further use of this method at the interface of single-fiber mechanics and cellular performances may extend our understanding how to modulate electrospun biomaterials towards optimized cellular interaction. Within the context of SF, future experiments building off from these findings will correlate the impact of elastic components (such as elastin) or cross-linking of fibers with cell cytoskeleton assembly and differentiation [4, 58] . Decoration of scaffolds with ECM ligands as chemical cues, such as fibronectin, is a biomimetic approach to affect scaffold functionality, e.g. towards an increase in cellular adhesion. The RGD sequence is a well-known binding site on fibronectin and other matrix proteins for cell-surface presented integrin receptors [59] , but is not present in B. mori SF [60] . Therefore, adsorption of fibronectin may offer the potential to increase cellular adhesion to SF scaffolds. However, fibronectin also displays a number of other molecular recognition sites for cells, e.g. the synergy site (PHSRN), which enhances a 5 b 1 integrin binding to the RGD site, and for other ECM components. It is noteworthy that some of these sites are cryptic and that each of them must be in a certain conformation in order to function [61] . Thus, adsorption of fibronectin to a substrate may not only render the surface amenable to cell adhesion, but also changes the conformation of the molecule, which could in turn alters its epitope exposure, leading to altered cell behavior [27, 37, 62] . To investigate the adsorption of fibronectin to the silk scaffolds and the resulting conformational change we used FRET imaging of double fluorophore fibronectin-D/A molecules and studied fibronectin adsorption and related structural changes of the protein. The median intensity ratios of fibronectin-D/A on SF scaffolds (Fig. 4B, C) were intermediate between those previously reported for adsorption onto (hydrophilic) glass and (hydrophobic) fluorosilane surfaces [37] . Previous studies showed that cellular adhesion and proliferation increased on more hydrophilic fibronectin-coated surfaces. This was explained by an extension of fibronectin subunits that promotes exposure of previously cryptic cell integrin binding sites [61] . Other experiments have shown that surface chemistry, charge and topography of a substrate may affect the ability of fibronectin to mediate cell spreading, proliferation and differentiation. In fact, C2C12 myoblasts were reported to proliferate or differentiate on fibronectin-coated model surfaces as a function of fibronectin conformation [27, 63, 64] . Further studies are needed to correlate fibronectin conformation on different scaffold materials with cell response to these substrates in vitro and in vivo in order to use FRET as a routine probe to predict a scaffold's biological performance.
Cell culture experiments were performed with hMSCs isolated from adult human bone marrow. This cell source is well-established for tissue engineering applications, based on its marked proliferation and differentiation potential (Fig. 5) [65] . hMSCs also express numerous integrins on their cell surface and secret various ECM components [66, 67] . In this study on fibronectin-coated fibrous SF scaffolds, hMSCs showed a clear response to the fibronectin coating, undergoing rapid adhesion and advanced spreading within 2 h of culture as compared to non fibronectin-coated scaffolds (Figs. 5 and 6) . This contrasts with a previous study, in which only minor differences in terms of adhesion and spreading were observed for normal human epidermal keratinocytes or fibroblasts after 1 h of cell culture on fibronectin-coated or non-coated SF fibers [25] . A possible explanation for the discrepancy may be that keratinocytes and fibroblasts expressed a different mosaic of integrin receptors on their surfaces as compared to hMSCs. Furthermore, in the previous study the aforementioned surface-dependent fibronectin conformation and especially the low coating density may not have supported cellular adhesion to the same extent as observed here [25] .
After an extended culture period of 72 h, differences in hMSC adhesion between fibronectin-coated and non-coated scaffolds leveled off. Cell spreading was similar for hMSCs cultured on fibronectincoated or non-coated scaffolds (Figs. 6 and 7) . This finding could have been the result of cellular secretion of ECM molecules from hMSCs over time and/or serum protein adsorption from the culture medium, both of which would quickly outweigh the initial advantage of a fibronectin-coated surface. A similar effect has been observed on RGD-functionalized surfaces, which facilitated enhanced fibroblast adhesion relative to unmodified surfaces up to 2 h in serum containing medium, but exhibited no significant difference thereafter [68] .
hMSC morphology on electrospun scaffolds largely depended on scaffold architecture, namely whether it consisted of randomly 0. oriented or aligned SF fibers. The latter typically resulted in elongated cell morphology and orientation along the main fiber axis (Fig. 8) . This corroborates previous studies made with other cells, such as coronary artery endothelial cells, cardiomyocytes and ligament fibroblasts [16, [69] [70] [71] . The preferred cell orientation on aligned fibers was also observed after hMSC differentiation (in preliminary experiments in mixed adipogenic/osteogenic differentiation medium, data not shown). Given the expansion and multilineage potential of hMSCs to generate tissues of different type and structure, scaffolds with topographical guidance may prove useful in the engineering of structured tissues, e.g. ligament or muscle. Changes beyond cellular morphology were demonstrated for other cell types, such as fibroblasts and MC3T3-E1 cells aligned on nanofibers or microgrooves impacting cellular metabolism and resulting in an increased and oriented deposition of a collagen matrix [16, 72] . Similar effects have yet to be studied for hMSCs on aligned fibers.
Conclusions
This study explored optimization strategies for scaffold design by introduction and evaluation of topographical, mechanical and chemical cues. We used advanced analytical tools shifting mechanical evaluation from bulk properties down to the singlefiber level. The topography of electrospun scaffolds was impacted by electrospinning conditions, particularly the rotational speed of the cylindrical target. SF fiber alignment functioned as topographical cue leading to elongated and oriented cellular morphologies and may open an interesting avenue to use SF scaffolds for the de novo engineering of structurally aligned tissues. Fibronectin adsorbed on SF scaffolds was demonstrated by FRET to exhibit partial extension of its dimer arms and functioned as a chemical cue to enhance hMSC adhesion and spreading. Relating biologically relevant protein conformations on scaffolds to cell responses can provide a useful tool to further optimize scaffold surfaces towards enhanced biological features. In conclusion, our findings pave the way for more generally applicable optimization strategies for biomaterial scaffold design. We thus suggest to further explore the potential of these scaffolds for tissue engineering applications in vitro and in vivo.
